We report on the measurement of the spin-dipole (SD) polarizability and of the frequency of the SD oscillation of a two-component Bose-Einstein condensate of sodium atoms occupying the |3 2 S 1/2 , F = 1, mF = ±1 hyperfine states. This binary spin-mixture presents the important properties of being, at the same time, fully miscible and rid of the limit set by buoyancy. It is also characterized by a huge enhancement of the SD polarizability and by the consequent softening of the frequency of the SD oscillation, due to the vicinity to the transition to the immiscible phase. The experimental data are successfully compared with the predictions of theory.
I. INTRODUCTION
The study of mixtures of Bose-Einstein condensates (BECs) has opened rich opportunities for novel experimental and theoretical investigations. Mixtures of ultracold atoms offer great flexibility thanks to the variety of atomic species and the additional degree of freedom related to the hyperfine structure [1] [2] [3] [4] [5] [6] (for a recent overview see [7] ). For a weakly interacting mixture of two BECs, the ground state of the system can either be a miscible mixture of the two components or a phase separated configuration [8] . Nevertheless, the stability of mixtures very close to the critical region is sensitive to other effects, such as asymmetries in the trapping potential [9] . Moreover, for systems in which the intracomponent coupling constants do not exactly coincide, one of the two components will experience a positive buoyancy and will "float" on the other. Previous experiments involving two internal states of rubidium were affected by both of these problems [10] [11] [12] [13] [14] hence setting strong limits to explore the many-body properties of miscible binary BECs. In particular, such conditions prevent the study of the static and dynamic response of an unpolarized system close to the transition between the miscible and immiscible phases, where interaction effects are particularly important despite the weakly interacting nature of the gas [15] .
Here we report on the first measurement of the spindipole (SD) polarizability of a two-component BEC, as well as the frequency of the SD oscillation, by using an ultracold mixture of the |3 2 S 1/2 , F = 1, m F = +1 ≡ |↑ and |3 2 S 1/2 , F = 1, m F = −1 ≡ |↓ states of atomic sodium. The polarizability characterizes in a fundamental way the thermodynamic behavior of binary ultracold gases and exhibits a divergent behavior at the transition between the miscible and immiscible phases, with the occurrence of important spin fluctuations [16] [17] [18] . On the * tom.bienaime@unitn.it other hand, the SD oscillation is the simplest collective excitation supported by the system in the presence of harmonic trapping and is characterized by the motion of the two components with opposite phase around equilibrium. The SD oscillation is the analog of the famous giant dipole resonance of nuclear physics, where neutrons and protons oscillate with opposite phase [19] . Actually, collective modes are a popular subject of research in quantum many body systems (see, e.g., [20] ) where experiments are able to determine the corresponding frequencies with high precision, providing a good testbed for detailed comparison with theory and an accurate determination of the relevant interaction parameters. Collective dynamics has been already investigated in quantum binary mixtures of atomic gases like repulsive gases of Fermi atoms [16, [21] [22] [23] , Bose-Bose [10, 15, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and Bose-Fermi mixtures [34] as well as Bose-Fermi superfluid mixtures [35, 36] . In the case of Bose-Bose mixtures both the polarization and the SD oscillation frequency are predicted to be crucially sensitive to the difference between the value of the intra and intercomponent interactions [15, 33] which is particularly small in our case. The dramatic change of the density profile of the trapped gas, caused by a small displacement of the minima of the trapping potentials of the two species near the miscible-immiscible phase transition, was first investigated theoretically in [15] . Our mixture is not subject to buoyancy as g ↑↑ = g ↓↓ ≡ g and is on the miscible side g ↑↓ < g near the boundary of the phase transition (g and g ↑↓ are respectively the intra and intercomponent coupling constants). The fact that (g − g ↑↓ )/g 7 %, as given by the scattering lengths a ↑↑ = a ↓↓ = 54.54(20)a 0 and a ↑↓ = 50.78(40)a 0 , where a 0 is the Bohr radius [37] , ensures the stability of the mixture and, together with the absence of buoyancy, allows us to overcome the ultimate limits to measure both the polarizability and SD oscillation frequency. Stabilization of the two components by shifting the |0 state using microwave dressing on the transition to |F = 2, mF = 0 .
II. MIXTURE PREPARATION
Our experiment is based on the apparatus introduced in [38] and starts with a nearly pure BEC of 23 Na atoms in the |↓ state in a crossed optical dipole trap with frequencies
The magnetic fields along the three spatial directions are calibrated with a precision of 1 mG using RF spectroscopy techniques. The first step towards the creation of the spin mixture is to perform a Landau-Zener transition to the |F = 1, m F = 0 ≡ |0 state with nearly 100 % transfer efficiency. This is realized at a magnetic field of 100 G to isolate a two-level system exploiting the quadratic Zeeman shifts. The second step consists in inducing a Rabi oscillation among the three Zeeman sublevels to obtain a 50/50 spin mixture of |↓ and |↑ [39] . The bias field alongx is taken small enough to allow us to neglect the quadratic Zeeman shifts compared to the Rabi frequency and is kept on during the whole experimental sequence following the Rabi pulse. The number of atoms in each spin component is N ↑ = N ↓ 10 6 and the total chemical potential of the cloud is µ tot /k B 200 nK. Fig. 1(a) shows typical absorption images of the spinor BEC after a 10 ms Stern-Gerlach (SG) expansion in a magnetic field gradient alongẑ. In order to prevent the decay of the mixture to |0 by spin changing collisions, we lift this level by ∼ 10 kHz using blue detuned microwave dressing on the transition to |F = 2, m F = 0 (see Fig. 1(b) ).
III. SPIN-DIPOLE POLARIZABILITY
The SD polarizability of a spin mixture describes the ability of the system to adapt itself to a displacement in opposite direction of the trapping potentials of the two components. After realizing a fully overlapped configuration, we adiabatically apply a magnetic field gradient B x alongx using a pair of coils in anti-Helmholtz configuration. The gradient is controlled with a resolution at the level of 4 mG/cm. This displaces the minima of the trapping potentials such that
x ) (g F is the Landé factor, µ B the Bohr magneton and m the atomic mass). The SD polarizability is defined as
where d = x ↓ − x ↑ is the in-situ relative displacement between the centers of mass of each component (see Fig.  2(a) ). After a 2 ms SG expansion, we measure d by fitting each spin component density distribution to independent Thomas-Fermi (TF) profiles to extract their centers x ↑,↓ . The individual density profiles are not exactly TF-like, but we verified, using a Gross-Pitaevskii equation (GPE) simulation, that this approximate fitting procedure results in an overestimation of P by at most 6%. Later in the text we discuss the additional correction to the measurement of P related to interactions during the SG expansion. Fig. 2(a) shows the experimental results where the value of x 0 is estimated after calibrating B x . We observe that all data points strongly deviate from the prediction d = 2x 0 for a mixture without intercomponent interactions (green solid line), revealing the large SD polarizability of the system. We use a second experimental protocol to determine the polarizability which will later prove to be useful for measuring the SD oscillation frequency. It consists in realizing the Rabi pulse |0 → |↑, ↓ in the presence of a magnetic field gradient. As the minima of the trapping potentials for the |↑ and |↓ states are shifted by ∓x 0 with respect to the initial state |0 , this makes the two components oscillate out of phase after the Rabi pulse. The in-situ time evolution of the relative displacement
. Measurements of such oscillations after a SG expansion of t SG = 10 ms for different values of x 0 varying the magnetic field gradient are reported in Fig. 2(b) . After the SG expansion, the displacement between the spin components is given by
t SG such that we analyze the data by fitting it with the following function: (2) where
Eq. (2) allows us to extract the value of d(x 0 ) neglecting here again intercomponent interactions during the expansion. Fig. 3 shows the SD polarizability as a function of x 0 /R x (R x is the TF radius alongx) using the data of Fig. 2 . We notice a strong nonlinear dependence of the polarizability on the separation between the two trapping potential minima, which is maximal in the linear limit (x 0 → 0) and tends to 1 for large separation (x 0 R x ). In the same figure, we also plot the theoretical predictions obtained within the local density approximation (LDA) and the numerical integration of the GPE performed with the experimental parameters. We identify three regions alongx, with the outer two regions occupied by either the |↑ or |↓ component and the inner region occupied by both of them. In the linear limit (x 0 → 0) the LDA gives the result
for the polarizability [33] [46], pointing out its divergent behavior near the phase transition occurring at g ↑↓ = g. The agreement between the LDA and the GPE is excellent except in the region of small minima separation where the LDA becomes less and less adequate because of the large value of the spin healing length / 2mn(g − g ↑↓ ) (n is the total density of the cloud). In The shaded regions give the uncertainties taking into account error bars on the value of the coupling constants [37] . The green solid line corresponds to the situation of no intercomponent interaction P = 1. We also provide the density profiles n ↑,↓ (x, 0, 0) from the GPE for x0/Rx = 0.001, 0.01, 0.05. The experimental points overestimate the actual value of P due to the approximation of the TF fit and the interaction effect during the expansion (see text).
general, we observe a good agreement between the theoretical predictions and the experimental data. In particular, the huge effect on the polarizability caused by the vicinity to the miscible-immiscible phase transition is clearly revealed and the scaling with x 0 /R x is well reproduced. The data analysis presented so far has however been performed neglecting interactions between the spin components during the SG expansion. Indeed, GPE simulations of the expansion in the presence of interactions show that the experimentally measured polarizability is overestimated by 5% (30%) for the 2 ms (10 ms) SG expansion. This explains the remaining difference between the experimental points of Fig. 3 and the theoretical predictions.
IV. SPIN-DIPOLE OSCILLATION
A useful estimate of the SD frequency is obtained by employing a sum rule approach [20] based on the ratio 2 ω
is the model independent energy weighted sum rule relative to the SD operator i (x i↓ − x i↑ ), and M −1 = N P(x 0 → 0)/(2mω 2 x ) is the inverse energy weighted sum rule fixed according to linear response theory by the linear SD polarizability [33] . This leads to the following relation between the SD frequency and polarizability
Using the LDA expression (3) for the polarizability one derives the following prediction for the SD frequency
The same result can be directly obtained by generalizing the hydrodynamic theory developed in [40] for density oscillations to the case of SD oscillations [20] . Eq. (5) explicitly points out the crucial role played by the intercomponent coupling constant g ↑↓ in softening the frequency of the SD mode with respect to the value ω x characterizing the frequency of the in-phase center-of-mass oscillation. We check, using time-dependent GPE simulations of the SD oscillations for our experimental parameters, that the sum rule prediction (4) provides ω SD with an accuracy better than 1% when substituting the value of the static SD polarizability P(x 0 → 0) from the GPE. This demonstrates that an accurate SD frequency measurement can be used to determine the value of the SD polarizability.
As shown on Fig. 2(b) , the Rabi pulse in the presence of a magnetic field gradient gives rise to the excitation of SD oscillations whose frequency can be extracted as a function of the induced displacement x 0 . A first estimate of the SD frequency is obtained considering that ω SD = ω(x 0 → 0). Indeed, for large values of x 0 , the oscillation frequency ω(x 0 ) approaches ω x while it decreases to ω SD as x 0 → 0. Since in the small x 0 limit the amplitude of the oscillation tends to zero, we perform a linear fit to the curve of ω(x 0 )/ω x as a function of the oscillation amplitude A(x 0 ) and extract ω SD /ω x = 0.18(1) from the y-intercept of the linear fit (see Fig. 4(a) ). This method shows a good agreement with the LDA prediction Eq. (5) ω SD /ω x = 0.189 (15) and with the GPE simulations yielding ω SD /ω x = 0.213(17) (uncertainties take into account error bars on the value of the coupling constants [37] ). The different values of ω SD from the LDA and GPE calculations have the same origin as the one discussed in the case of the polarizability and are due to the large value of the spin healing length in the vicinity of the quantum phase transition.
An alternative and more efficient way to excite the SD mode and to measure its frequency consists in first creating two perfectly overlapped spin states where B x = 0 (x 0 = 0) and then applying a magnetic field gradient B x = 0.1 G/cm (x 0 = 1.3 µm) for 3 ms 2π/ω(x 0 ) before restoring B x = 0. This leads to an in-situ dipole oscillation shown in Fig. 4 (b) after 10 ms of SG expansion. We measure ω SD /ω x = 0.218(2) which is slightly larger than the previous estimate based on the data of Fig. 2(b) and shows better agreement with the prediction from the GPE simulations. For a precise determination of ω SD , it is important to ensure that the SD mode has a small in-situ amplitude: here we estimate D SD = D SG / 1 + ω 2 SD t 2 SG = 5.4 µm which is relatively small compared to the TF radius R x = 40 µm.
In all experiments, we observe oscillations without no- (15)). Extrapolating the linear fit of ω(x0)/ωx (solid blue line) for vanishing amplitude gives ωSD/ωx = 0.18 (1) . (b) SD oscillations using the alternative method (blue dots) giving ωSD/ωx = 0.218 (2) . We also show two density profiles n ↑,↓ (x, 0, 0) illustrating the out-ofphase SD oscillations (data obtained from the GPE taking the equilibrium state for x0/Rx = 0.01 as initial condition before setting x0 = 0 to start the oscillations).
ticeable damping on very long timescales (they are ultimately limited by the cloud lifetime). Indeed, the maximal relative velocities of the two superfluid components v max = 1.2 mm/s for the data of Fig. 2(b) , and v max = 0.4 mm/s for the data of Fig. 4(b) are smaller than the critical velocity for the dynamical counterflow instability v cr = µ tot (1 − g ↑↓ /g)/2m = 1.8 mm/s [41] .
V. CONCLUSION
In conclusion, we reported on the experimental measurements of the polarizability and of the frequency of the SD oscillation in a two-component BEC of sodium.
Because of the vicinity to the miscible-immiscible quantum phase transition both quantities are very sensitive to the value of the intercomponent interaction and their behavior deviates by large factors from the values predicted in the absence of intercomponent interaction. This represents a major difference with respect to other available superfluid quantum mixtures, like the Bose-Fermi mixtures of lithium gases [35, 42] , where the role played by the intercomponent interaction is much less crucial. Similarly to the case of [35, 42] our mixture is characterized by two interacting superfluids oscillating with opposite phase and the observed SD oscillation is undamped for small amplitude as a consequence of superfluidity. For large amplitude motion the Landau's critical velocity will, however, behave very differently, being very sensitive to the value of the intercomponent interaction [41] . Another interesting feature concerns the behavior of the SD oscillation at finite temperature. While the damping of the SD oscillation was actually observed in the old experiments of [22] carried out on a normal Fermi gas, understanding the behavior of the collective modes in the presence of both a condensed (superfluid) and thermal (non-superfluid) components remains extremely challenging [43, 44] . Other topics of interest concern the experimental realization of magnetic solitons [45] and the inclusion of coherent coupling between the two spin components. The Bose mixtures realized and investigated here then represent an ideal platform to explore important equilibrium and dynamic properties of binary superfluids.
